
  

  

Abstract—Recent empirical neuroscience evidence 
increasingly supports an active role for the endogenous 
electromagnetic (EM) field system of brain tissue. These results 
undermine the long-held view that the field system is a causally 
inert byproduct of action potential and synapse electrochemical 
activity. The dominant originating mechanism for the 
endogenous EM field remains undetermined. The new 
observations make the isolation of an unambiguous original 
EM field source a matter of some urgency. As part of the 
process of elaboration of the field systems produced by 
coherent transmembrane filamentary currents (the most 
plausible original mechanism), this paper looks at the 
contribution by a localized density of cooperating ion channels 
in the form of the macular synaptic plaque engaged in 
conducting a post-synaptic current. The method uses the 
volume conduction formalism driven by filamentary currents 
that stand in for ion channels. Not surprisingly, the result is a 
pulsing dipole. Despite its extreme material abstraction, the 
result forms one of the basic mechanisms for future models 
capable of revealing whole-neuron and network-level 
endogenous EM field system. 

I. INTRODUCTION 
HE endogenous electromagnetic field in nervous tissue 
is in the midst of a significant change in status. Recent 

empirical results increasingly indicate that the 
electromagnetic field is actively involved in the 
kindling/modulation of dynamics from the sub-neuron level 
to the whole tissue. This undermines the long-held view that 
the EM fields are a functionally inert epiphenomenon of 
synapse/action potential (neuronal network) activity. It is 
becoming clear that, despite their small magnitude, their 
impact is magnified through the action potential phase 
sensitivity around the critical threshold of firing. Sustained 
microscopic endogenous EM effects then lead to tissue 
entrainment at ever greater scales. The medical term that 
refers to the active EM coupling of tissue regions is called 
ephapsis [1-3]. 

The endogenous EM field is originated microscopically 
by ion activity and, in its microscopic domain, it tends to be 
called the extracellular field. The acronym LFP stands for 
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local field potential (a scalar potential), is measured by an 
invasive probe, and reveals the electric field. At increasing 
spatial scales, the superposing EM fields from myriad 
neurons accretes, inheriting the microscopic organizational 
structure of the host tissue. In the case of brain tissue, 
eventually the fields emerge at the brain surface and, 
ultimately, the scalp, where the electric field is revealed by 
an average voltage measurement named ‘field potential’. In 
this context, the electric field is witnessed in the EEG 
(electroencephalogram) signal. Likewise, the magnetic field 
is witnessed directly in the MEG (magnetoencephalogram). 

Practitioners will usually say the EEG is due to synaptic 
activity [4, p20]. EEG can be found attributed to, at various 
times, ‘summated action potential’, ‘dendritic potential’, 
‘oscillating dipoles’ and ‘excitatory post-synaptic potentials’ 
[5]. The literature generally reflects an understanding that 
EEG originates in the deep microscopic cortical LFP. 
However, the dominant specific microscopic phenomenon 
driving the LFP remains undetermined. Indeed, in 2009, the 
LFP was declared to have ‘mysterious origins’ [6]. The 
ultimate origin of the EEG is therefore a mystery older than 
neuroscience. With empirical results highlighting the EM 
field as causal, the lack of a definite mechanism behind field 
expression becomes a hypercritical issue. 

Guided by this motivation, this paper is part of a program 
aimed at isolating the detail of the mechanism responsible 
for the LFP in a way that explains both the EEG and MEG. 
The straightforward way to a plausible dominant original 
cause of the field system is to focus on current coherence. It 
is easy to see that if coherence is the dominant determinant, 
then the primary originating currents for all extra-neuronal 
EM phenomena are the transmembrane currents. Primary 
transmembrane currents create a secondary intracellular 
space (ICS/cytosol) and extracellular space (ECS) currents. 
These currents are supplied by and terminate in a vast 
collection of paramembrane hydrated ion populations. As 
such, charge ECS/ICS current activity is better visualized as 
two large shallow pools of ions connected via ion channels. 
The idea is that a field system is established by the 
transmembrane currents, disturbing the huge transmembrane 
resting electric field which is of the order 106 V/m to 107 
V/m [7, 8]. This background/resting field does not explicitly 
appear in the simulation model used below. The field system 
to be revealed is therefore only the dynamic component of 
the overall field system. 

To understand how transmembrane current coherence 
dominates the field system, note that the resultant ECS and 
ICS currents are expressed as randomized (compared with 
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the transmembrane current) charge motions. In this form the 
ECS/ICS current is spatially and temporally decohered at an 
atomic/molecular level. This contrasts with the 
transmembrane portion of a charge’s trajectory, which is 
both highly spatially localized (ion channel pore) and 
temporally localized within the membrane-longitudinal 
action potential propagation path. Transmembrane ion traffic 
also has de-hydrated ion transit dynamics that are more 
localized than that of the surrounding ions and their medium 
[9]. 

In this paper, the field system produced by a 
planar/macular filament plaque is investigated. The plaque is 
an aggregate of ion channels such as that found embedded in 
the post-synaptic lipid bilayer of a macular chemical 
synapse. The actual number of ion channels, their type and 
their collocation preferences are not known in detail. 
However, basic synaptic ion channel permeability kinetics is 
known well enough to have a useful analytic form for the 
transmembrane current. This is all that is needed here. 

II. METHOD 
A. Volume Conduction 
The most widespread an well known formalism for 

expressing the LFP in nervous tissue is the ‘volume 
conduction’ equation. It presupposes that Ohm’s law applies 
and in its simplest form it produces the local field potential, 
at position r and time t, for an infinite uniform conductivity 
σ (S/m),  
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is a volume current source density (in A·m-3) that distributes 
current over integration volume V. 

A preliminary exploration of equation (2), under a 
‘transmembrane currents originate the LFP’ proposition, 
has already been conducted. It uses the transmembrane 
currents in equation (2) and ignores the ICS and ECS 
currents under the assumption that they contribute only field 

noise. It used the transmembrane current produced by a 
large compartmental cable-equation model of a single 
neuron (rat hippocampus CA1 pyramidal). High 
performance computing (HPC) enabled biological realism. 
So far, only an exemplar field system has been computed (i) 
for a single  neuron, and (ii) only for the action potential ion 
channel contribution. Despite the extreme nature of the 
material abstraction of (2), it revealed a faint but spatially 
large, unified (rotating) dipole system. It also showed that 
the detailed field system created by coherent transmembrane 
current activity will depend on cell morphology and the 
specific expression of ion channels (type, density, 
collocation) throughout the neural soma and its processes, 
including synapses [10]. However, the contribution by 
synapses has not been established. It suffices to say that the 
magnitude of the field system produced by the model is 
consistent with the levels needed for the required active, 
independent field role in a fully elaborated tissue model. 

To extend the research, a single (chemical) chemical 
synapse plaque contribution is to be explored. This will 
facilitate later investigations of more complex neural models 
with cohorts of realistically placed chemical synapses, each 
with its own post-synaptic current, realistically temporally 
related to the triggering of the action potential. Only then 
can the complete field system produced by a single neuron 
be computed.  

B. The Volume Conduction Model with Filament Sources 
Consider a collection of M current filament cohorts, 

where cohort m (1 ≤ m ≤ M) is of size Km, and where 
compartment m filament k carries current im,k(t). Each 
filament is of length Lm,k, located at a position rm,k, and 
oriented in direction nm,k. The entire system of M cohorts is 
embedded in an infinite uniform conductivity σ. It is 
relatively straightforward to show that for this circumstance, 
(2) becomes  
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for positions r large compared to Lm,k.[10]. See Fig 1 for 
basic terminology. For quasi static conditions,  

( ) ( ), ,LFPt tϕ= −∇E r r . (5) 

Applied to (4), (5) gives 
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In practice, the total cohort current (all Km filament currents) 
is numerically equal to the total ‘compartment’ 
transmembrane current, where a filament ‘cohort’ refers to 
all filaments attached to a compartment. For the simulations 
to follow, Lm,k = 7.5 nm is used for a typical membrane-

 
Fig. 1. The operation of equation (4) applied to a filament plaque. In this 
case the number of ‘compartments’ M = 1 and the number of filaments Km 
= 37.  
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bilayer-spanning protein pore. The conductivity was set at σ 
= 1/3 Sm-1 [11]. 

In the use of (4) so far, where transmembrane 
compartment current is known from a cable equation action 
potential simulation, (i) no attempt has been made to 
decompose the current into particular types (e.g. capacitative 
vs. gated channel vs. passive) or ion channel type (e.g. Na+, 
K+ etc), and (ii) the filaments notionally stand in for pseudo-
ion channels located on the compartment surface and (iii) 
the total transmembrane current was divided equally 
amongst the filaments. Here, in a chemical synapse, where 
we have ligand-gated ion channels, again no attempt has 
been made to segregate ion channel types. The simulation 
proceeds on a total-current basis. 

C. Post-synaptic current behaviour 

( ) ( ) ( )[ ]0 1 0 2max
t t t t

totali t i e eτ τ− − − −= −  (7) 

For the purposes here, a typical total post-synaptic current 
can be considered to have an ‘alpha-synaptic’ time course as 
per (7), where imax = 60 nA, τ1 = 5.26 ms, τ2 = 0.19 ms, t0 = 
10.0ms [12, p181]. This current profile is shown in Fig 2. 
The onset delay maintains consistency with the triggering of 
the action potential in the original simulation. This current is 
divided equally between the plaque filaments. 

D. The chemical synaptic plaque 
Translating a current such as (7) into a physically realistic 
set of current filaments requires a bit of anatomy. The 
surface area of a synapse is the main issue. To establish a 
rough synaptic ‘plaque’ current filament configuration we 
can use [13], where we find that the synaptic volume for 
macular synapses ranges from 0.15x10-3μm3 to 2.1x10-3μm3. 
Given the typical synaptic cleft gap is roughly 20 nm [9, 
p301],[14],[15],[16], if the cleft volume is treated as a 

circular disk 20 nm high, then this suggests the post-synaptic 
surface area is a circle (macula) of radius between 49 nm 
and 183 nm. This is somewhat smaller then the radius of the 
active area used by [16] of ~300 nm. For the purposes here, 
a value of 220 nm was chosen as the radius of the plaque.  

Filament distribution over the plaque surface can be 
established by considering that given that a typical single ion 
channel passes a few pA when open [9] [12], a spread of 
roughly 30 filaments over the synaptic plaque seems 
reasonable. In reality, the plaque is so small compared to the 
mm-scale geometry of the whole field, in practice a single 
filament would be adequate. However, for the sake of future 
simulations of tight neighborhoods of hundreds of millions 
of competing synaptic plaques with variable geometry, the 
filaments were chosen so that ion channel pores are 65 nm 
apart in a hexagonal close packed array. The resultant 
plaque and its position are shown in Fig 3. Because there is 
only one synapse, M = 1 in (4). Because there are 37 
filaments in the plaque, Km =K1 = 37 in (4). 

III. RESULTS 
The simulation computes the LFP at times (7.802 ms ≤ t ≤ 

20.888 ms) at a spatial resolution of 1 μm. The results form 
a supplementary video. A faint pulsing dipole is the quite 
predictable result. A modified single video frame is included 
in Fig 4. It shows both the LFP and the electric field near the 
peak of the waveform (t = 10.944ms). It is interesting to 
note that the field system preserves a region of zero field 
and zero LFP along the plane that would be occupied by the 
membrane in the real tissue. The field system is therefore 

Fig. 2. The post synaptic current input to equation (4). The current is 
divided equally amongst all filaments. The convention is that positive 
current flows out of a cell. Therefore this current is functionally 
inhibitory (hyperpolarizing). 

 
Fig. 3.The filament plaque layout (a pore at the center of each circle). The 
filament length is exaggerated. The plaque is located centred on the origin 
in the YZ plane, with the filaments pointing in the +X direction. 
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naturally compatible with the existence of a membrane. The 
lower panels in Fig 4. show that the LFP at any point 
inherits the temporal behaviour of the filamentary source. 
This is to be expected from equations (4) and (6). 

The electric field is the gradient of the LFP and only 
needs to reach 1V/m to be physiologically active [2]. In a 
volume of 1 mm3 there are 40,000-50,000 neurons and more 
than 108 synapses. It is their collective action that is 
modulated by the endogenous EM field. The depicted field 
system is therefore a tiny part of an extremely complex 
aggregate field system with a functionally significant 
intensity. Based on the wide spatial pattern, which exists 
over tens of μm, the endogenous field system can be seen to 
have two kinds of ephaptic influence. Physically, the electric 
and magnetic fields influence tissue behaviour by virtue of 
the Lorentz force. First, the field produced by a neuron 
influences itself (auto-ephapsis). Second, the same field 
produced by a neuron can influence other neurons (allo-
ephapsis). None of these influences are found in any 
existing neural modelling. 

Future models incorporating filament plaques and action 
potentials in realistic numbers will be needed to predict the 
electric and magnetic field found in real tissue. To elaborate 
the fields in biologically realistic ways, it turns out that high 
performance computing is the necessary tool. 
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Fig. 4. TOP: XY plane snapshot at t = 10.944 ms, Z = 0. of electric field 
lines and iso-electric field contours. These are superimposed on the LFP. 
Isopotential contours match the dipolar shape of the electric field 
contours. Electric field vectors are two-coloured to give direction. 
BOTTOM: Time course at particular points a(-20,0,0) and b(20,0,0). 
Vertical scale bar 2x10-10V. Horizontal scale bar 10ms. 
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